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Are Environmentally Coupled Enzymatic Hydrogen Tunneling
Reactions Influenced by Changes in Solution Viscosity?**
Sam Hay,* Christopher R. Pudney, Michael J. Sutcliffe, and Nigel S. Scrutton*

The role and importance of protein dynamics in enzymatic
reactions remains a key question in enzymology.[1–5] Of great
current interest is whether enzymes have evolved to use
quantum tunneling to the best advantage by, when necessary,
coupling specific protein motions (vibrations) to the tunneling
reaction coordinate. It is now widely accepted that H
tunneling (proton, hydrogen, or hydride) occurs in enzyme-
catalyzed reactions,[1,6–11] but the role of promoting motions in
modulating the tunneling barrier remains contentious.[3]

Experimental identification of coupled (promoting) motions
is challenging, with experimental evidence for environmen-
tally coupled H-tunneling reactions mainly inferred from the
unusual temperature dependence of primary kinetic isotope
effects (KIEs).[12–15] In addition to temperature,[12,13] there are
other intensive (bulk) properties that, in principle, can be
used to probe these reactions, including pressure[10,16] and
solution viscosity.[17–21] We have demonstrated the utility of
combining pressure and temperature to study environmen-
tally coupled H tunneling in the reductive half-reaction
(RHR) of morphinone reductase (MR), involving hydride
tunneling from the coenzyme NADH to the enzyme-bound
cofactor flavin mononucleotide (FMN).[10] Although changes
in solution viscosity have been used to probe protein
rearrangement after CO dissociation from myoglobin,[21]

configurational and conformational gating of interprotein
electron-transfer (ET) reactions,[17–20] and conformational
gating of intraprotein ET,[22] studies of the dynamical
influence of solvent viscosity on enzymatic H-tunneling
reactions are less common. Moreover, there has been no
rigorous quantitative analysis of these effects.

At a phenomenological level, we have shown that the
magnitude and temperature dependence of the reaction rate

and KIE measured for proton tunneling in the RHR of
methylamine dehydrogenase (MADH) are unchanged fol-
lowing the addition of 30% glycerol (viscosity increase ca. 2–
3-fold) to the reaction solution.[12] Similarly, a decrease in KIE
and increase in apparent enthalpy for the RHR of l-phenyl-
alanine oxidase (PAO) upon the addition of 30% glycerol has
been reported.[23] Glycosylation of a protein surface can also
affect the dynamic motion of a protein, and this approach has
been used to study the rate of hydride transfer in glucose
oxidase (GO)[24,25] by 1) using various glycoforms of the
enzyme that differ in the extent of glycosylation[24] and
2) replacing the native polysaccharide with different poly-
meric forms of polyethylene glycol.[25] By both increasing and
decreasing the apparent surface viscosity, decreases in the
fitness of the enzyme were observed, reducing the Arrhenius
pre-exponential ratio (AD/AT) for deuterium and tritium
transfer away from unity.[24,25] GO, MADH, and PAO do not
have strongly temperature-dependent KIEs, suggesting a
minor role (if any) for fast, non-equilibrated promoting
motions coupled to the H-transfer coordinate. Herein, we
report a more systematic analysis of the effects of solution
viscosity on the rate of H transfer and primary KIE for the
RHR of MR. This is a well-characterized environmentally
coupled H-tunneling reaction with a KIE that is strongly
dependent on temperature, consistent with a dominant
promoting motion coupled to the reaction chemistry.[9,10,26–28]

The rate of hydride transfer from NADH to FMN in MR
can be measured directly using rapid-mixing (stopped-flow)
methods, and the observed rate of flavin reduction kobs (which
is concomitant with H transfer) can be described by Equa-
tion (1), where klim is the pseudo-first-order rate of FMN

kobs ¼ krev þ klim½NADH�=ðKS þ ½NADH�Þ ð1Þ

reduction under saturation conditions (when [NADH]@KS)
and krev is the rate of the reverse reaction (krev� 0 with MR).
The effect of solution viscosity on the RHR of MR with
NADH as the reductant was investigated first by measuring
the NADH concentration dependence of the reaction in
different concentrations (0–60 wt%) of glycerol (Figure 1).
As these measurements were made using a rapid-mixing
(stopped-flow) device, we were able to increase the viscosity
by only approximately tenfold before mixing artifacts com-
promised further measurements. Over the viscosity range of
about 0.9–9 cP (Table 1), we observed an approximately
tenfold increase in KS values but little change in klim (the
chemical step). The second-order rate constant for NADH
capture (klim/KS; Table 1) is predicted from von Smoluchow-
ski theory[29] to be inversely proportional to the bulk solution
viscosity; a value of unity is expected for the slope of the
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normalized rate versus normalized viscosity, given in Equa-
tion (2), where h and h0 are the solution viscosity in the

mun ¼ dð½klim=KS�h0=½klim=KS�hÞ=dðh0=hÞ ¼ 1 ð2Þ

presence and absence, respectively, of viscosogen. Initially,
this appeared to be the case, as mun = 1.1� 0.1 (not shown).
However, this trend appears to be viscosogen-dependent as,
when klim and KS were measured in 33% sucrose, the value of
klim/KS was found to be approximately threefold greater than
that measured in 40% glycerol (Figure 1, Table 1), despite
these two solutions having the same viscosity (see the
Supporting Information). We have observed partial occu-
pancy of glycerol in the active site of MR during X-ray
crystallography studies,[41] and it is likely that this difference in
klim/KS values is due to weak competitive inhibition of MR by
glycerol. Indeed, the steady-state reaction of MR with
cyclohexenone is competitively inhibited by glycerol with a
KI value of 9–10m (60–65 wt%) glycerol (see the Supporting
Information). Despite these complications, the rate of klim/KS

measured in 33% sucrose is measurably slower than that in
buffer (Table 1), and mun� 0.4, such that NADH capture is
clearly viscosity-dependent. Thus, whilst NADH binding (klim/
KS) is dependent on solution viscosity, the rate of H transfer
(klim)—the chemical step—is not.

Kramers[30] was the first to develop a theoretical treatment
of the dynamical influence of solvent viscosity on unimolec-
ular reactions such as the pseudo-first-order FMN reduction/

hydride transfer step during the RHR of MR. In the Kramers
model, the rate constant is related to the solvent viscosity
through a friction coefficient, and the relationship between
rate constant and viscosity is more complex than that of a
bimolecular reaction. If it is reasonably assumed that the
solvent molecules are much smaller than the protein or
enzyme under study, the effect of viscosity on the observed
rate of a reaction can be described in combination with the
Eyring equation according to Ansari et al. [Eq. (3), where s,

kobs ¼
kB T
h

�
1þ s

hþ s

�
exp
�

DS�

R

�
exp
�
	DH�

RT

�
ð3Þ

in units of viscosity, is the contribution of the protein friction
to the total friction of the system].[18,21] As DH� and DS� do
not appear to be significantly viscosity-dependent,[12,18] their
values can be determined independently from the temper-
ature dependence of the reaction.[18] The limiting rate of
hydride transfer in the RHR of MR was measured with both
NADH and (R)-[4-2H]-NADH between approximately 0.9
and 9 cP with 0–60 wt% glycerol, and in both cases, the
observed pseudo-first-order rate constants were, within error,
independent of viscosity (Figure 2). Typical values for s

[Eq. (3)] measured for conformationally coupled reactions in
proteins are typically 0–10 cP.[18,21,31,32] We have modeled the
expected viscosity dependence [Eq. (3)] for various values of
s between 0 and 100 cP with DG� = DH�	TDS� = 63.1 and
67.2 kJmol	1 for H and D transfer, respectively (Figure 2).
These DG� values are in good agreement with the DH� and
DS� values determined previously from the temperature
dependences of these reactions.[9,27] From the modeling in
Figure 2, it would appear that s must be greater than
approximately 50 cP for both H and D transfer in MR—a
value much larger than reported values for gated ET
reactions. Additionally, Equation (3) predicts that, whilst
the rate of a reaction may be strongly dependent on viscosity,
the KIE should be independent of viscosity. This follows
because s is related to the entire substrate–enzyme complex,

Figure 1. The effect of glycerol concentration on the saturation kinetics
of flavin reduction by NADH in MR. The inset shows the same data on
a log concentration scale. The data are fit to Equation (1), and the
resulting klim and KS values are given in Table 1. Conditions: 20 mm MR
was mixed with NADH in 50 mm potassium phosphate, 2 mm 2-
mercaptoethanol, pH 7, supplemented with 0 (*), 20 (~), 40 (&), and
60 wt% (^) glycerol at 25 8C. Also shown is the effect of 33 wt%
sucrose (^, dotted line).

Table 1: The effect of solution viscosity on the saturation kinetics of the
reductive half reaction of MR with NADH at 25 8C.

h [cP] [viscosogen] [wt%] klim [s
	1] KS [mm] klim/KS [mm

	1 s	1]

0.90 0[a] 57.6�1.1 119�12 0.48�0.06
1.55 20[a] 57.2�1.1 203�14 0.28�0.03
3.19 40[a] 57.3�1.8 454�42 0.13�0.02
3.2 33[b] 58.9�1.2 187�15 0.31�0.03
8.82 60[a] 60.0�0.7 1243�54 0.05�0.01

[a] Glycerol. [b] Sucrose.

Figure 2. The effect of viscosity on the maximal rates of flavin
reduction by NADH (A) and (R)-[4-2H]-NADH (B). The inset shows the
viscosity independence of the subsequent KIE. The rate-constant data
are modeled (gray lines) according to Equation (3) for increasing
values of s. See text for details. Conditions: 20 mm MR was mixed with
5 mm (0–40% glycerol), 10 mm (50% glycerol), or 15 mm (60%
glycerol) NADH or NAD2H (final concentrations) in 50 mm potassium
phosphate, 2 mm 2-mercaptoethanol, pH 7.0, supplemented with 0–
60 wt% glycerol at 25 8C.
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which should essentially be isotope-independent. This was
found to be the case, and the viscosity independence of the
primary KIE is shown in the inset to Figure 2.

Increasing solvent viscosity is thought to decrease the
specific volume and the adiabatic compressibility of the
protein interior.[33] It is also thought that viscosity and
hydrostatic pressure may act on proteins similarly by decreas-
ing the internal free volume and perhaps increasing protein
rigidity.[34] We have recently measured the combined temper-
ature and pressure dependence of the H-transfer step during
the RHR of MR with NADH[10] and found that both the
observed rate of H transfer and the primary KIE increased
significantly at elevated pressure. This finding suggests that
either the addition of 60% glycerol has less effect on the free
volume and rigidity of the MR–NADH complex than
approximately 100 bar pressure (the increase in pressure
required to measure a significant change in the rate of H
transfer) or that viscosity and hydrostatic pressure do not act
on MR in a similar way. To our knowledge, this is the first
direct comparison of these effects on an enzymatic chemical
step.

The magnitude of the viscosity dependence of the rate of
interprotein[18–20,31] and intraprotein[22] ETreactions have been
shown to be similar, despite the mechanisms of gating in these
reactions being quite different (e.g. configurational rear-
rangement of the protein–protein interface vs. side-chain
rearrangement). Why then have we measured no viscosity
dependence of the H transfer during the RHR of MR, despite
clear evidence that in this reaction, the transfer of the hydride
is strongly coupled to (and gated by) the protein environ-
ment?[9,10,26–28] It is possible that Equation (3) is simply not
valid for H-tunneling reactions. However, we feel that the
more likely explanation for this discrepancy is that the
mechanism of gating, at least in MR, differs significantly from
that of the gated ET reactions studied. A network of long-
range coupled motions has been proposed to drive the H-
tunneling events in the enzymes liver alcohol dehydrogenase
(LADH)[35,36] and dihydrofolate reductase (DHFR).[37] It is
quite likely that the rate of the H-tunneling reactions in these
enzymes will be viscosity-dependent, as these long-range
motions are, presumably, quite similar to the conformational
gating prevalent in many gated protein ET reactions. How-
ever, in some enzymatic H-tunneling reactions, most notably
in aromatic amine dehydrogenase (AADH), the H transfer is
assisted by a promoting motion,[38] yet this motion is not
coupled to a network of long-range motions.[8] We feel that
the most likely explanation for the insensitivity of the MR
reaction to changes in solution viscosity is that the H-
tunneling reaction in this enzyme, like in AADH, is not
coupled to a network of long-range motions.

In summary, we have demonstrated, to our knowledge for
the first time, that stopped-flow spectroscopy allows the
measurement and deconvolution of the solution viscosity
dependence of substrate capture and the subsequent chemical
step in an enzyme. This is despite the limitations of the
stopped-flow method for studying viscosity-dependent reac-
tions attributed to inherent mixing problems at h> 10 cP. We
have shown that substrate capture is viscosity-dependent,
while the following H-transfer step—a well-characterized

environmentally coupled quantum tunneling reaction[9,10,27]—
is not. This finding is rationalized in terms of a lack of a
network of long-range motions coupled to the H-transfer
reaction in MR, similar to the case for AADH.[8,38] Finally, it
has been recently suggested that coupled motions may not be
catalytically important in DHFR.[39] We then suggest that
solution viscosity studies may be a useful experimental
method of identifying long-range motions and posit that if
indeed the H-tunneling events in DHFR[37] and also in
LADH[35,36] are coupled to long-range motions, then the rate
of these reactions may well be sensitive to changes in solution
viscosity.

Experimental Section
All materials were obtained from Sigma–Aldrich (St. Louis, MO),
except NADH (Melford Laboratories, Chelsworth, U.K.) and
[2H6]ethanol (Cambridge Isotope Laboratories, Andover, MA). MR
was purified as described previously,[26,27,40] and (R)-[4-2H]-NADH
was prepared and characterized as described previously.[9,27] All
experiments were performed in 50 mm potassium phosphate, 2 mm 2-
mercaptoethanol, pH 7.0. Glycerol or sucrose solutions were pre-
pared by weight, and the estimation of their solution viscosity is
described in the Supporting Information. Rapid reaction kinetic
experiments were performed using an Applied Photophysics
SX.18MV-R stopped-flow spectrophotometer contained in an anae-
robic glove box as described previously,[9] and spectral changes
accompanying FMN reduction were monitored at 464 nm.[9,26,27]

Received: September 28, 2007
Revised: October 31, 2007
Published online: November 30, 2007

.Keywords: enzyme catalysis · enzymes · quantum chemistry ·
reaction mechanisms

[1] S. J. Benkovic, S. Hammes-Schiffer, Science 2003, 301, 1196.
[2] S. J. Benkovic, S. Hammes-Schiffer, Science 2006, 312, 208.
[3] P. Ball, Nature 2004, 431, 396.
[4] D. D. Boehr, D. McElheny, H. J. Dyson, P. E. Wright, Science

2006, 313, 1638.
[5] A. Warshel, P. K. Sharma, M. Kato, Y. Xiang, H. B. Liu,

M. H. M. Olsson, Chem. Rev. 2006, 106, 3210.
[6] M. Garcia-Viloca, J. Gao, M. Karplus, D. G. Truhlar, Science

2004, 303, 186.
[7] Y. Cha, C. J. Murray, J. P. Klinman, Science 1989, 243, 1325.
[8] L. Masgrau, A. Roujeinikova, L. O. Johannissen, P. Hothi, J.

Basran, K. E. Ranaghan, A. J. Mulholland, M. J. Sutcliffe, N. S.
Scrutton, D. Leys, Science 2006, 312, 237.

[9] C. R. Pudney, S. Hay, M. J. Sutcliffe, N. S. Scrutton, J. Am. Chem.
Soc. 2006, 128, 14053.

[10] S. Hay, M. J. Sutcliffe, N. S. Scrutton, Proc. Natl. Acad. Sci. USA
2007, 104, 507.

[11] M. H. M. Olsson, J. Mavri, A. Warshel, Philos. Trans. R. Soc.
London Ser. B 2006, 361, 1417.

[12] J. Basran, M. J. Sutcliffe, N. S. Scrutton, Biochemistry 1999, 38,
3218.

[13] A. Kohen, R. Cannio, S. Bartolucci, J. P. Klinman, Nature 1999,
399, 496.

[14] G. Maglia, R. K. Allemann, J. Am. Chem. Soc. 2003, 125, 13372.
[15] J. L. Abad, F. Camps, G. Fabrias, Angew. Chem. 2000, 112, 3417;

Angew Chem. Int. Ed. 2000, 39, 3279.

Angewandte
Chemie

549Angew. Chem. 2008, 120, 547 –550 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1126/science.1085515
http://dx.doi.org/10.1126/science.1127654
http://dx.doi.org/10.1038/431396a
http://dx.doi.org/10.1126/science.1130258
http://dx.doi.org/10.1126/science.1130258
http://dx.doi.org/10.1021/cr0503106
http://dx.doi.org/10.1126/science.1088172
http://dx.doi.org/10.1126/science.1088172
http://dx.doi.org/10.1126/science.2646716
http://dx.doi.org/10.1126/science.1126002
http://dx.doi.org/10.1021/ja0614619
http://dx.doi.org/10.1021/ja0614619
http://dx.doi.org/10.1073/pnas.0608408104
http://dx.doi.org/10.1073/pnas.0608408104
http://dx.doi.org/10.1098/rstb.2006.1880
http://dx.doi.org/10.1098/rstb.2006.1880
http://dx.doi.org/10.1021/bi982719d
http://dx.doi.org/10.1021/bi982719d
http://dx.doi.org/10.1021/ja035692g
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20000915)112:18%3C3417::AID-ANGE3417%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773&TRfuge1;(20000915)39:18%3C3279::AID-ANIE3279%3E3.0.CO;2-G
http://www.angewandte.de


[16] D. B. Northrop, Biochim. Biophys. Acta Protein Struct. Mol.
Enzymol. 2002, 1595, 71.

[17] M. M. Ivkovic-Jensen, N. M. Kostic, Biochemistry 1996, 35,
15095.

[18] M. M. Ivkovic-Jensen, N. M. Kostic, Biochemistry 1997, 36, 8135.
[19] J. S. Zhou, N. M. Kostic, J. Am. Chem. Soc. 1993, 115, 10796.
[20] J. S. Zhou, N. M. Kostic, J. Am. Chem. Soc. 1992, 114, 3562.
[21] A. Ansari, C. M. Jones, E. R. Henry, J. Hofrichter, W. A. Eaton,

Science 1992, 256, 1796.
[22] C. J. Feng, R. V. Kedia, J. T. Hazzard, J. K. Hurley, G. Tollin,

J. H. Enemark, Biochemistry 2002, 41, 5816.
[23] Y. Ohta, E. B. Mukouyama, H. Suzuki, J. Biochem. 2006, 139,

551.
[24] A. Kohen, T. Jonsson, J. P. Klinman,Biochemistry 1997, 36, 2603.
[25] S. L. Seymour, J. P. Klinman, Biochemistry 2002, 41, 8747.
[26] D. H. Craig, P. C. E. Moody, N. C. Bruce, N. S. Scrutton,

Biochemistry 1998, 37, 7598.
[27] J. Basran, R. J. Harris, M. J. Sutcliffe, N. S. Scrutton, J. Biol.

Chem. 2003, 278, 43973.
[28] C. R. Pudney, S. Hay, Y. Pang, C. Costello, D. Leys, M. J.

Sutcliffe, N. S. Scrutton, J. Am. Chem. Soc. 2007, 129, 13949.

[29] M. von Smoluchowski, Z. Phys. Chem. 1917, 92, 129.
[30] H. A. Kramers, Physica 1940, 7, 284.
[31] L. Qin, N. M. Kostic, Biochemistry 1994, 33, 12592.
[32] L. Liu, J. Hong, M. Y. Ogawa, J. Am. Chem. Soc. 2004, 126, 50.
[33] A. Priev, A. Almagor, S. Yedgar, B. Gavish, Biochemistry 1996,

35, 2061.
[34] P. Cioni, G. B. Strambini, J. Mol. Biol. 1994, 242, 291.
[35] J. K. Chin, J. P. Klinman, Biochemistry 2000, 39, 1278.
[36] J. S. Mincer, S. D. Schwartz, J. Phys. Chem. B 2003, 107, 366.
[37] P. K. Agarwal, S. R. Billeter, P. T. R. Rajagopalan, S. J. Ben-

kovic, S. Hammes-Schiffer, Proc. Natl. Acad. Sci. USA 2002, 99,
2794.

[38] L. O. Johannissen, S. Hay, N. S. Scrutton, M. J. Sutcliffe, J. Phys.
Chem. B 2007, 111, 2631.

[39] H. B. Liu, A. Warshel, J. Phys. Chem. B 2007, 111, 7852.
[40] D. H. Craig, T. Barna, P. C. E. Moody, N. C. Bruce, S. K.

Chapman, A. W. Munro, N. S. Scrutton, Biochem. J. 2001, 359,
315.

[41] D. Leys, N. S. Scrutton, unpublished results.

Zuschriften

550 www.angewandte.de � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2008, 120, 547 –550

http://dx.doi.org/10.1021/bi961608g
http://dx.doi.org/10.1021/bi961608g
http://dx.doi.org/10.1021/bi970327l
http://dx.doi.org/10.1021/ja00076a042
http://dx.doi.org/10.1021/ja00035a065
http://dx.doi.org/10.1126/science.1615323
http://dx.doi.org/10.1021/bi016059f
http://dx.doi.org/10.1093/jb/mvj049
http://dx.doi.org/10.1093/jb/mvj049
http://dx.doi.org/10.1021/bi962492r
http://dx.doi.org/10.1021/bi020054g
http://dx.doi.org/10.1021/bi980345i
http://dx.doi.org/10.1074/jbc.M305983200
http://dx.doi.org/10.1074/jbc.M305983200
http://dx.doi.org/10.1021/ja074463h
http://dx.doi.org/10.1016/S0031-8914(40)90098-2
http://dx.doi.org/10.1021/bi00208a009
http://dx.doi.org/10.1021/ja036579t
http://dx.doi.org/10.1021/bi951842r
http://dx.doi.org/10.1021/bi951842r
http://dx.doi.org/10.1006/jmbi.1994.1579
http://dx.doi.org/10.1021/bi9920331
http://dx.doi.org/10.1021/jp027017j
http://dx.doi.org/10.1073/pnas.052005999
http://dx.doi.org/10.1073/pnas.052005999
http://dx.doi.org/10.1021/jp066276w
http://dx.doi.org/10.1021/jp066276w
http://dx.doi.org/10.1021/jp070938f
http://dx.doi.org/10.1042/0264-6021:3590315
http://dx.doi.org/10.1042/0264-6021:3590315
http://www.angewandte.de

